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ABSTRACT
Local earthquake tomography is used to investigate three dimensional velocity
structure in the aftershock zone of the 2011 Mineral, VA, mainshock. A total of 5125 arrival
times for 324 aftershocks recorded by 12 stations were used in the inversion. The inversion volume
is small (22 x 20 x 16 km) with a block size of 1 x 1 x 1 km. Most of the aftershocks located at or
below 2 km are associated with an NE trending, SE dipping anomalous velocity region with
negative P-wave velocity (Vp) anomalies, positive S-wave velocity (Vs) anomalies, and Vp/Vs
ratios as low as 1.54. We interpret the anomalous region as a highly quartz-rich sandstone or
quartzite that accumulated in Paleozoic time along the passive margin of Laurentia and
subsequently incorporated into the Piedmont Chopawamsic terrane during the Taconic orogeny.
Two negative Vp and Vs anomalies are interpreted as metagraywacke and typical Chopawamsic
rocks.
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CHAPTER 1
INTRODUCTION
A Mw 5.8 earthquake took place near Mineral, Virginia, within the central Virginia
seismic zone (CVSZ) at 17:51:3.9 UTC, 23 August 2011 (Figure 1.1). The number of people
who felt and reported the earthquake was highest in the history of the United States (McNamara
et al., 2014). It was the most massive earthquake in the CVSZ since 1897 (Beavers, 2012) and
was felt in 31 US states and 4 Canadian provinces. The USGS /St. Louis University moment
tensor solution estimated the moment magnitude Mw equal to 5.65 (Herrmann, 2011). The
epicenter of the earthquake is at 37.905° N and 77.975° W with a focal depth between ∼6.0 and
8.0 km (Chapman, 2013; McNamara et al., 2014; Wu et al., 2015). The mainshock occurred on a
NE striking reverse fault with a compound rupture process; three known subevents occurred on a
northeast-striking plane (Hartzell et al., 2013; Chapman, 2013; Motazedian and Ma, 2014).
Solutions of both regional and teleseismic moment tensors estimated a nodal plane that strikes
028°, dips 50° towards SE and has a rake of 113° (Herrmann, 2011; Chapman, 2013; McNamara
et al., 2014; Horton et al., 2015, Shah, et al., 2015).

Figure 1.1: Central Virginia seismic zone (CVSZ) has a high density of earthquake epicenters
(after Kelly et al., 2017). The white star represents the 2011 Mineral earthquake.
1

Figure 1.2: Physiographic provinces of Virginia (after Collins, 2020). The red star represents the
location of the 2011 Mineral, VA mainshock epicenter.
The 2011 Mineral, VA, mainshock occurred in the north-central part of the CVSZ, a
seismic zone with a long history of moderate seismicity (Bollinger, 1969, 1973a,b; Kim and
Chapman, 2005; Chapman, 2013, 2015; McNamara et al., 2014, Horton, Wu, et al., 2015). The
CVSZ is located in the Piedmont physiographic province (Figure 1.2) which is a complex
geological region composed of a series of different terranes, ranging in age from Proterozoic
through Paleozoic. The extent of the CVSZ is approximately 120 km and 100 km in the eastwest and north-south directions, respectively. Seismicity in the CVSZ is different compared to
other nearby seismogenic areas. The mean focal depth of the CVSZ earthquakes is 8 km
(McNamara et al., 2015) and studies of seismic reflection lines show that CVSZ earthquakes
mainly occur within Paleozoic allochthonous crystalline rocks that overlie the basal Appalachian
detachment (Pratt et al., 1988; Bollinger and Sibol, 1985; Bollinger et al., 1991). In contrast, the
vast majority of earthquakes in western Virginia and eastern Tennessee Appalachian Valley and
Ridge Province occur from 4 to 22 km depth in crystalline basement rock below the decollement
(Chapman et al., 1997; Vlahovic et al., 1998, Horton et al., 2015). Stress fields are also different
2

in both cases (Horton et al., 2015). Studies indicate that the CVSZ is located in a compressive
stress regime where the maximum stress trends S43°E and plunges 14° from the vertical (Kim
and Chapman, 2005). Thus, the stress field is rotated by a maximum of 68° clockwise relative to
the eastern North American average maximum stress orientation (Horton et al., 2015; Mazzati
and Townend, 2010). Previous studies mapped several Paleozoic and Mesozoic faults in the
CVSZ (e.g., Virginia Division of Mineral Resources, 1993; Mixon et al., 2000; Bailey et al.,
2004), however, earthquakes before the 2011 Mineral event are not obviously associated with
them. So far, the Mineral VA earthquake has not been associated with any previously interpreted
faults.
The 2011 Virginia Earthquake provides us with some valuable lessons. An earthquake of
this size is not typical in the eastern United States (EUS) but has been shown historically to be
possible. This earthquake occurred in a rural part of Virginia, but the next one of this size may
occur in a more densely populated area. Studies of the root causes, vulnerabilities, preparedness,
and types of damage can be applicable to many regions in the EUS. However, conducting studies
in the EUS is not easy for several reasons. According to McNamara et al. (2014), we lack a
comprehensive tectonic model to explain the EUS seismicity distribution in space and time. The
driving forces remain unclear. It is generally thought that the seismicity within a passive margin,
like the CVSZ, usually happens along pre-existing weak zones aligned with structures formed
due to continental collisions and rifting.
Furthermore, we lack the number of required observations in the EUS to understand the
initiation of earthquakes and also to reduce uncertainty in seismic-hazard mapping (McNamara
et al., 2014). Making an accurate seismicity-hazard map for the EUS requires knowing the
history of significant earthquakes. As these reasons are limiting our present knowledge of
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earthquake processes and earthquake hazard in the EUS, characterizing an aftershock sequence
of a high magnitude earthquake like the 2011 Mineral, Virginia, event provides an opportunity to
enhance our understanding.

Figure 1.3: (a) Relocated hypocenters of 1666 aftershocks show the main (red circles) and
northeastern cluster (yellow circles) along with the mainshock focal mechanism estimated by
Hermann (2011), (b) Profile AA′, oriented at N123°E, shows that aftershock hypocenters of the
main cluster are dipping in a linear trend towards the southeast, and (c) Profile BB′, oriented
along the strike of a plane fit to the main cluster aftershocks indicates that the northeastern cluster
dips to the northeast. Mainshock is shown by a yellow star and subevents are indicated by black
stars. This figure is taken from Wu et al. (2015).
4

Quickly after the Mineral VA mainshock, 36 portable seismograph stations were
deployed in a coordinated way near the epicentral region by several governmental and academic
institutions including Virginia Tech, The University of Memphis, Lehigh University, IRIS, and
the USGS (Wu et al., 2015) that recorded aftershocks until August 2012. Another temporary
station deployment was started in 2017 and recorded aftershocks until November 2018. Also, the
USGS installed a few permanent stations near the 2011 earthquake epicenter. Thus, the
aftershock sequence recorded and documented by these deployments became the best-recorded
aftershock sequence in the EUS. McNamara et al. (2014) listed three primary aims of the station
deployment. The first one is finding any causative fault(s) and mapping the rupture zone
dimensions. The next one is a better estimation of source parameters of the earthquake and, the
last one is measurement of high-frequency ground motion attenuation.
Recorded aftershocks clustered in two places. The majority (the main cluster) occurred
within a tabular zone located north, northwest, and west of the mainshock (Figure 1.3). The main
cluster exhibits a similar strike and dip as the mainshock focal mechanism (McNamara et al.,
2014; Wu et al., 2014; Horton et al., 2015, Wu et al., 2015). A least-squares fit of the relocated
hypocenters of the main cluster has a strike and dip of N33°E and 51° SE respectively, that
closely matches the strike and dip of the mainshock nodal plane (Wu et al., 2015). In contrast,
many of the aftershocks have different focal mechanisms than the mainshock, which indicates
the occurrence of other fault motions different than the mainshock (Wu et al., 2015).
Furthermore, aftershocks of the northeastern cluster are located 10-20 km NE of the mainshock
(Figure 1.3). It is believed that the northeastern cluster was triggered due to stress transfer by
mainshock (Herrmann, 2011; McNamara et al., 2014; Wu et al., 2014; Wu et al., 2015). The
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northeastern aftershocks are at shallow depths between 1 and 5 km and can be grouped into three
small clusters (one tight and two loose). The northeastern clusters have a northeasterly trend
similar to mapped Paleozoic geologic structures (Figure 1.4) (Pratt et al. 2015, Wu et al., 2015).
However, the northeastern aftershocks cluster into a plane that dips to the NE (Figure 1.3 and
Figure 1.4) and does not match the trend of mapped Paleozoic structures (Horton et al., 2015;
Pratt et al., 2015, Wu et al., 2015).

Figure 1.4: (a) Relocated hypocenter locations of 1666 aftershocks show the main (gray circles)
and northeastern cluster (green, blue and yellow circles) along with the mainshock focal
mechanism estimated by Hermann (2011), (b) Profile EE′ is oriented at N320°E, and (c) Profile
FF′, oriented at N50°E, is along the strike of a plane fit to the northeastern aftershocks. Profile
FF’shows that aftershock hypocenters of the northeastern cluster have greater depths towards the
northeast. Mainshock is indicated by a yellow star. This figure is taken from Wu et al. (2015).
6

This study investigates the velocity structure near the epicenter of the 2011 Mineral VA
mainshock in the CVSZ with the objective of better understanding the geological conditions in
the upper crust and their relationship to the earthquake activity. Inversion of the local earthquake
arrival times for 3D P- and S-wave velocity structure and relocation of the earthquake
hypocenters accomplishes this. A dataset of aftershocks consisting of 460 earthquakes, recorded
between 13th March 2017 and 12th November 2018, is used in this study. Most of these
aftershocks are located in the main cluster near the epicenter of the 2011 Mineral VA mainshock,
although, several earthquakes are situated to the south and southwest of the Mineral earthquake
aftershock zone. Only the events near the main cluster are used. This study hypothesizes that a
detailed tomography study involving a large dataset will resolve velocity structure in the region
that can then be related to the aftershock distribution and possible causative faults.
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CHAPTER 2
LITERATURE REVIEW
2.1 Tectonic Setting of the CVSZ

Figure 2.1: Summary of the two complete Wilson cycles in eastern North America: the assembly
of Rodinia, it’s a breakup and the opening of Iapetus Ocean, closing of Iapetus, and the assembly
of Pangaea, and finally the breakup of Pangaea and the opening of the Atlantic Ocean. The pink
area is the remaining portion of Rodinia; the blue area is the remaining portion of Pangaea. The
orange double lines are the Atlantic mid-ocean ridge, and the single lines are the transform faults
associated with the opening of the Atlantic. Central Virginia seismic zone is in the Appalachian
Piedmont of Virginia (after Thomas, 2006).
The tectonic evolution of the eastern United States is the result of a succession of two
complete Wilson cycles (Thomas, 2006). Figure 2.1 summarizes the assembly of Rodinia, its
breakup resulting in the opening of the Iapetus Ocean, the closing of Iapetus, the assembly of
Pangaea, and finally, the breakup of Pangaea and the opening of the Atlantic Ocean. The tectonic
8

history of the pre-Rodinia continental margin is not well unknown; however, several geologic
shreds of evidence, including dikes in Oklahoma, having a parallel trend of the Grenville front,
suggest the existence of older continental margin(s) (Thomas, 2006).

Figure 2.2: Tectonic evolution of the Appalachian orogenic system as well as the present-day
Appalachian Mountains (after Marshak, 2019). Geologic time is modified from Flansburg and
Bailey, (2016) and Marshak (2019).

9

The central Virginia seismic zone (CVSZ) is located in the Appalachian orogenic system
of Virginia (Glover, 1989). Figure 2.2 (Fig. 11.33 of Marshak, 2019) and Figure 2.3 show the
chronological tectonic evolution of the Appalachian orogenic system. About 1350-1000 Ma ago,
the Grenville orogeny (Fig. 2.2: a) resulted in the assembly of the Rodinia supercontinent due to
the collision of the North American Craton with what is now South America (Thomas, 2006;
Marshak, 2019). Rodinia started to break up around 600Ma and separated Laurentia from the
Congo and Amazonia cratons (Bentley, 2010a) and formed the Iapetus Ocean along eastern
Laurentia (Figure 2.2: b). Between 600 Ma and 420 Ma, this post-Grenville rifted margin
became a passive margin (Fig. 2.2: c) after cooling down and subsidence (Marshak, 2019) and a
thick sequence of well-sorted quartz-rich sediments accumulated on it due to transgression
(Bentley, 2010b). After that, three successive collisions took place during the closing of the
Iapetus Ocean and assembly of the Pangaea supercontinent between 420 Ma and ~270-280 Ma
along the eastern margin of North America (Thomas, 2006; Marshak, 2019) (Figure 2.2: c to g).
During the Ordovician-Silurian Taconic orogeny (first collision), the oceanic crust subducted,
and a volcanic arc collided with the eastern margin of North America (Figure 2.2: c and d)
(Drake et al., 1989; Thomas, 2006; Marshak, 2019). Numerous low-angle thrust faults were
formed at this time (Frail, 1998; Chapman, 2013). Then a continental crustal terrane collided
(Figure 2.2: e and f) with the eastern margin during the Devonian-Mississippian Acadian
orogeny (Hatcher et al., 1989; Thomas, 2006; Marshak, 2019). Finally, the MississippianPermian Alleghanian orogeny developed due to the collision (Figure 2.2: f and g and Figure 2.3)
of Gondwana (Africa) with North America (Osberg, 1989; Thomas 2006; Marshak, 2019). Major
thrust faults of the CVSZ, including the Chopawamsic, the Spotsylvania, and the Hylas formed
in this time (Kim and Chapman, 2005). Many others think they formed much earlier. Pangaea
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started to break up around ~220-180 Ma (Bailey and Flansburg, 2016; Marshak, 2019). This
Mesozoic rifting (Figure 2.2: h and Figure 2.3) separated Gondwana (Africa) from North
America, decreased the crustal thickness of eastern North America, and formed the present-day
Atlantic Ocean (Kim and Chapman, 2005; Thomas, 2006; Marshak, 2019). Many normal faults
on the reactivated thrust faults also occurred during this rifting (Kim and Chapman, 2005), but
stopped when the rift to drift transition began in the Early Jurassic (Withjack et al., 1998;
Hilfiker 2016). The NE-SW (or an approximately east-west) trending maximum compressional
stress, present to this day, developed when seafloor spreading started in the Early Cretaceous
(Kim and Chapman, 2005; Mazzotti and Townend, 2010). This compressional stress field is
assumed to be a primary cause of the CVSZ earthquakes, which reactivates favorably oriented
existing faults (McNamara et al., 2014; Hilfiker, 2016). Figure 2.3 shows the Valley and Ridge,
Blue Ridge, Piedmont, coastal plain, and the Atlantic Ocean, products of the two complete
Wilson Cycles.

Figure 2.3: Illustration of how different orogenies that formed the different provinces in Virginia
(Flansburg, M.E., and Bailey, C.M., 2016).
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Figure 2.4: Simplified geologic map of Virginia (after C. M. Bailey, 1999; Kelly et al., 2017). The
yellow star shows the location of the 2011 Mineral, VA, earthquake. The solid contour line shows
the extent of the CVSZ, whereas the dashed lines represent the high-density areas of epicenters.
The CVSZ extends about 120 km E-W and about 100 km N-S (Figure 2.4). It is mostly in
the Piedmont but also includes a small portion of the Blue Ridge and coastal plain (Figure 2.4).
The Piedmont province is a complex geological region composed of a series of different terranes
ranging in age from Proterozoic through Paleozoic (Huges, 2015; Kelly, 2017).The simplified
geologic map containing the CVSZ (Figure 2.5) shows that the physiographic provinces and their
terranes are separated by major faults.

12

Figure 2.5: Simplified geologic map of the CVSZ terranes along with the major faults. The red
star shows the position of the 2011 Mineral VA earthquake. The black dashed line represents the
approximate outer boundary of the CVSZ (after Bailey, 2011; after Kelly et al., 2017).
The Piedmont has three major terranes: western Piedmont or Potomac, Chopawamsic,
and Goochland (Figure 2.5) (Bailey, 2011; Hughes, 2015). Among them, the Chopawamsic is the
most important for our study as the 2011 Mineral earthquake, and the aftershock sequence are
located here (Figure 2.6) (Berti et al., 2015; Burton et al., 2015; Hughes et al., 2015). The
Potomac and Chopawamsic terranes are separated by the Chopawamsic fault. The southeastdipping Spotsylvania thrust fault along with the Lakeside fault separates the Chopawamsic and
Goochland terranes (Figure 2.5) (Pavlides, 1989, 1990, 1995; Pavlides et al., 1994; Mixon et al.,
2000, 2005; Bailey, 2011; Hughes et al., 2013a, 2015; Hibbard et al., 2014). Figures 2.6 and 2.7
show major structural elements in the central Virginia Piedmont, especially the Chopawamsic
terrane, and indicate that the region is structurally very complex. Two ductile deformations
happened in Early and Late Paleozoic time in the Chopawamsic. The first deformation formed
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several metasedimentary basins (Quantico formation) accompanied by regional folding. The
second one caused many ductile faults and high strain zones (Burton et al., 2015). In addition,
previous studies interpreted many minor faults that were formed and reactivated in the Piedmont
during the collision and breakup of the continents (Bobyarchick and Glover, 1979; Weems,
1981; Pavlides et al.,1994; Spears and Bailey, 2002; Bailey et al., 2004; Spears et al., 2004;
Spears and Gilmer, 2012Spears, 2010; Huges, 2015).

Figure 2.6: Map and a cross-sectional view of the 2011 Mineral VA earthquake. This event is
assumed to be a thrust fault in the Chopawamsic terrane (Bailey, 2011).

Figure 2.7: Major structural elements in the central Virginia Piedmont (after James R. Martin et
al., 2011). The figure is not to scale. The gray color represents the Western Piedmont or
14

Potomac terrane, the orange color represents the Goochland, and all the other colors represent
the complex structural elements of the Chopawamsic terrane. The Mineral earthquake is located
in the Chopawamsic formation.
2.2 Geology in the Vicinity of the CVSZ
A simplified geology map of the state of Virginia is shown in Figure 2.4 that includes the
epicenter of the 2011 Mineral earthquake and the boundary of CVSZ. The geology surrounding
the CVSZ is complex as it belongs to three different physiographic provinces of Virginia: Blue
Ridge, Piedmont, and Coastal Plain (Bailey, 2011; Kelly et al., 2017). However, the largest and
main part of it is in the Piedmont.
Piedmont Physiographic Province
(a) Western Piedmont or Potomac
The Potomac terrane is bounded by the Mountain Run fault in the west and Chopawamsic fault
in the east. This metaclastic terrane accreted in eastern Laurentia in the early Paleozoic and has
three main lithological units (Figure 2.9): (1) Mafic and felsic intrusive bodies (Ordovician to
Early Silurian), (2) Rocks from Cambrian to Ordovician, and (3) Culpeper and Danville basins
(Mesozoic) (Hibbard et al., 2014; Hughes et al., 2015). The high amplitude aeromagnetic
anomaly in the middle of the Potomac (Figure 2.8) is probably showing the magnetic signature
of the Cambrian to Ordovician rocks.
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Figure 2.8: Aeromagnetic map of the CVSZ showing the magnetic signatures of different
terranes (after Bailey, 2011; Kelly et al., 2017). The red star represents the 2011 Mineral VA
mainshock. The dashed line represents the approximate outer boundary of the CVSZ.

Figure 2.9: Geology of Potomac and Chopawamsic terranes in the Virginia Piedmont (after
Hughes et al., 2014). The focal mechanism symbol represents the 2011 Mineral VA earthquake
epicenter. The dashed line shows the approximate boundary CVSZ. Inscribed R in the star shows
the position of the Richmond, VA. The inset rectangle shows the area used in Figure 2.10.
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(b) Chopawamsic and the epicentral area of 2011 Mineral mainshock and aftershocks
The Ordovician Chopawamsic terrane is bounded by the Chopawamsic fault in the west,
and the Spotsylvania thrust fault and coastal plain sediments in the east (Figure 2.5, Figure 2.9)
(Bailey, 2011; Hughes et al., 2015). It is the most interesting terrane for our study in the
Piedmont, as it hosted the 2011 Mineral, Virginia, mainshock and its aftershock. The inset
rectangle of Figure 2.9 shows a detailed illustration of the extent and lithology of the Potomac
terrane, Chopawamsic terrane, and, most importantly, the epicentral area of the 2011 Mineral EQ
in Figure 2.10.
The Chopawamsic terrane is composed of volcanic, volcaniclastic and sedimentary rocks
subjected to greenschist and amphibolite facies metamorphism. The rocks are recrystallized into
phyllites and granofels (Figure 2.9, green color in Figure 2.10) (Coler et al., 2000; Hughes et al.,
2015). Basins of Late Ordovician-Early Silurian time, ~ 100 km long and several km wide
(Quantico formation), overlie the Chopawamsic terrane near the area of the 2011 Mineral
earthquake epicenter (dark ash color in Figure 2.10) (Hibbard et al., 2014; and Hughes et al.,
2015). Some Late Ordovician to Early Silurian felsic intrusive bodies (Ellisville Pluton and its
neck) are also present (Figure 2.9, salmon color in Figure 2.10). The Ellisville Pluton is
interpreted as intruding the volcano-sedimentary pile of the Chopawamsic terrane (Burton et al.,
2015). Chopawamsic lithologic belts have a NE-SW trend inside the two neighboring 7.5’ USGS
quadrangles containing the aftershock epicenters: Pendleton and Ferncliff (Figure 2.10). The
mainshock and most of its aftershocks are located in the Pendleton quadrangle of Louisa County,
(Berti et al., 2015; Burton et al., 2015; Hughes et al., 2015). The up-dip surface projection of the
2011 Mineral aftershocks is NW of the aftershock epicenters and is assumed to be a thrust fault,
named the Quail Fault (Berti et al., 2015; Hughes et al., 2015) (Figure 2.10). This projected
region is underlain by the Chopawamsic Formation (quartz-rich light gray to tan mica17

metavolcanic and mica-metavolcaniclastic rocks) which are interbedded with the Quantico
Formation (micaceous quartzite and garnet-mica schist) (Spears et al., 2013; (Hughes et al.,
2015; Berti et al., 2015).

Figure 2.10: Geologic map of the 2011 Mineral EQ epicentral area (after Hughes et al., 2014).
Green, sepia, salmon, and dark ash colors represent the metavolcanic rocks of Chopawamsic,
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Middle Ordovician rocks of Potomac, intrusive plutons (E = Ellisville; C = Columbia), and
Quantico formation respectively. The focal mechanism symbol represents the 2011 Mineral VA
earthquake epicenter. Other solid circles represent aftershocks.
2.3 Local Earthquake Tomography
The local earthquake tomography technique has been well-established for 50 years (Benz
et al., 1996). The success and failure of any tomographic inversion depend on data quality,
defining the forward problem with a set of equations, constraints of the model and data, and
appropriate choice of the inversion algorithm. A wide-ranging review can be found in Thurber
(1986), Kissling (1988), Iyer & Hirahara (1993), Benz (1996), and Tryggavason (1998). Early
3D tomographic inversions for the velocity structure and hypocenter relocations were done for
the P-wave only as old seismic networks only recorded the vertical component (Toomey &
Foulger, 1989). Gomberg et al. (1990) suggest that inversions of S-arrivals not only give S-wave
velocity structure but also can improve the hypocentre locations if used along with P-arrivals.
Furthermore, Michelini (1993) suggests that a simultaneous P- and S-wave inversion is
preferable if there is a similar quality of data available for both phases, but only P-wave
inversion can be done in case of poor S-wave data quality and quantity (Thurber, 1993; EberhartPhillips & Reyners, 1997; Tryggavason, 1998).
Benz et al. (1996) inverted for the S-wave velocity (Vs) structure with fixed hypocentral
parameters after inverting for the P-wave velocity (Vp) structure and hypocentral locations. A
few years later, Wu and Lees (1999) took an advanced approach to solve Vp and Vs structure
separately and to relocate earthquake hypocenters with both velocity models after every iteration.
However, this approach may provide a biased solution as it trades off hypocentre locations and
the velocities (Thurber 1993; Tryggavason, 1998, 2002). Tryggavason (1998) introduced a new
approach by modifying the Benz et al. (1996) algorithm to do P- and S-wave ray tracing
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independently. This modification allows a simultaneous inversion for the P- and S-wave velocity
perturbations along with the hypocenter locations (Powell et al., 2014, 2017).
A major part of the tomographic inversion is the calculation of travel times correctly and
efficiently in heterogeneous media (Benz et al., 1996). Several early-developed techniques such
as “ray shooting” (Benz and Smith, 1984) or “ray-bending” (Thurber, 1984) worked efficiently
for simple 2D/3D velocity structures but failed for complex structure. The finite-difference
solution, developed by Vidale (1988), overcame this shortcoming to calculate first-arrival times
for 2D structure. Later, Vidale (1991) and, Podvin and Lecomte (1991) extended this technique
to 3D and demonstrated that it could effectively solve for traveltimes of body and head waves in
3D structures with complex geometry and significant velocity contrasts. These improved
techniques were used to make a simultaneous local earthquake tomography inversion code
package by Tryggvason (Tryggvason et al., 2002; Tryggvason and Linde, 2006; Tryggvason,
2009). This is the code used in my study.
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CHAPTER 3
DATA, METHODOLOGY, AND RESOLUTION TEST
3.1 Data Collection
Within five days of the Mineral mainshock, 36 portable seismograph stations were
deployed near the epicentral region by several governmental and academic institutions. These
temporary stations were either typical broadband channels or strong-motion channels that
continuously recorded data until August 2012. After that, the USGS installed permanent strongmotion seismograph stations at the U.S. Capitol, National Cathedral, Washington Monument,
and in the epicentral area of the Mineral VA mainshock to improve the long-term monitoring of
the area. Furthermore, in early 2013, a grid of broadband stations was installed in Virginia as
part of the USArray Transportable Array (McNamara et al., 2014). In 2017, another set of
temporary stations was installed in Mineral VA to record the later aftershock sequence.
Figure 3.1 shows events in our initial dataset consisting of arrival times for 460
earthquakes, recorded by 56 temporary and permanent seismic stations between 13 March 2017
and 12 November 2018. At least 20 stations have epicentral distances less than 1.5 times the
hypocentral depth of the mainshock and 324 aftershocks. Arrival times were picked at Virginia
Tech by M. Chapman’s research group and then times and station locations were provided to me
in digital format. A stand-alone version of the main processing and analysis system (Hydra) was
used by Chapman to automatically process and review the initial locations of the aftershocks.
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Figure 3.1: Map of epicenters provided by Virginia Tech. The solid red circles, green triangles,
and star represent the 460 earthquakes, 56 stations, and mainshock, respectively. The inset black
rectangle is the study area (22 km x 20 km; Figure 3.2) used for the tomography study.
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Figure 3.2: Final chosen inversion area (22 km x 20 km) with the locations of selected events,
stations, and mainshock. The solid red circles, green triangles, and blue star represent the 324
earthquakes, 12 stations, and mainshock respectively.
3.2 Methodology
3.2.1 Data Processing and Selection
The collected data in this study include earthquakes mostly near the epicenter of the 2011
Mineral VA mainshock, although a number earthquakes are also located to the southeast, south
and southwest of the Mineral earthquake aftershock zone (Figure 3.1). Initially, we assumed that
these south and southwest earthquakes might not be associated with the Mineral earthquake.
They could allow investigation of the crustal velocity structure outside of the main aftershock
zone that may help define any velocity differences between the geological terranes in the area.
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However, these sparsely distributed events are not used in this study. We chose to work with the
aftershocks and stations located within ~15 km of the mainshock epicenter (Figure 3.2).
After several trial inversions, the final inversion area (Figure 3.2) was selected and has a
22 km longitudinal distance and a 20 km latitudinal distance from the lower left corner of the
area (37.850, -78.11130). According to the requirements of the inversion algorithm, we
reformatted the arrival time information of events to make the information compatible with the
inversion code. A station file is made that includes the names, latitudes, longitudes, and
elevations of the stations used in the arrival time information file. Table 3.1 lists the 12 stations
we selected for the inversion based on their locations and number of earthquakes recorded along
with the average P- and S- wave travel time residuals after one iteration using the starting model
(details in section 3.2.3). Station residuals are very small and were not used to make corrections
to the travel times. The arrival time information file includes 373 events.
Table 3.1: Locations, number of events received, and P- & S- wave residuals of the stations.
Station Name Latitude Longitude
anni
beav
coop
debi
gary
hopk
mark
metl
nora
ptti
r58b
shoe

37.935
37.998
37.960
37.922
37.924
37.963
37.933
37.889
37.920
37.940
37.963
37.972

-77.965
-77.999
-77.921
-78.099
-78.016
-78.019
-78.035
-77.969
-77.983
-77.986
-77.879
-78.031

Events

P- residual (s)

S- residual (s)

313
213
255
75
308
251
188
211
242
317
128
236

-0.010
-0.036
-0.004
-0.048
-0.037
-0.011
0.001
-0.023
-0.021
-0.001
-0.020
-0.036

-0.003
-0.029
-0.007
-0.020
-0.006
0.016
0.052
-0.006
-0.003
0.004
0.005
-0.019

The arrival time and station data are transformed into a local rectangular system. From
the starting point (37.850, -78.11130), the arrival time and station data are reformatted for a
model volume (22 km x 20 km x 16 km) where the required number of minimum phases is 7, the
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residual threshold is 1.2, and the maximum azimuthal gap allowed is 360. The output files
include 324 events (13.14% reduction due to location outside the inversion volume and
insufficient number of phases) and 12 stations. Most events were recorded by more than 8
stations. The total number of arrivals is 5125 consisting of 2465 P- and 2660 S- arrivals.
3.2.2 Tomographic Inversion Method
This study uses a modified and improved version of the nonlinear, traveltime tomography
method of Benz at al. (1996). The code package ‘PStomo_eq’, version, 7.0.3, performs a
simultaneous inversion for 3D Vp and Vs structure and hypocenter relocations (Tryggvason et
al., 2002; Tryggvason and Linde, 2006; Tryggvason, 2009).
A seismic wave arrival time at a receiver is a nonlinear function of the earthquake
location that includes spatial coordinates, origin time, and the velocity structure of the travel path
(Benz et al., 1996). Eq. 1 (Eq. 1 in Benz et al., 1996) shows this nonlinear relationship, where, t
is the arrival time, τ is the event origin time, u(r) is the slowness, dl is the differential length
along the ray, and l[u(r)] is the ray path which is a function of the event location and velocity
structure. Eq. 1 is linearized to form Eq. 2 (Eq. 2 in Benz et al., 1996) for a single event (i) and
station (j) about a starting reference model and earthquake location, where, rij is the arrival time
residual, Tij is the travel time from the ith event to the jth station, ∂Tij/ ∂xk are the partial
derivatives of travel time with respect to the spatial coordinates, Δxk and Δτt are perturbations to
the starting event locations, and ∂u(r) is the slowness perturbation to the reference model. Now,
the arrival time equation can also be expressed as the travel time equation. After linearizing the
travel time equation, Eq. 2 can be shown as a system of equations like Eq. 3 (Eq. 1 in
Tryggavason, 2002) about the initial event locations and starting velocity model if the reference
model is parameterized as a uniform grid of constant-slowness cells. In Eq. 3, γi is the travel time
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residual vector for earthquake i, Ai is the matrix of partial derivatives of travel times with respect
to hypocenter location, Δhi is the hypocenter perturbations vector, Bi is the matrix of distances
traveled in each cell, Δu is the vector of slowness perturbations, and superscript P and S
represents the P- and S-wave model respectively. Furthermore, Eq. 4 (Eq. 2 in Tryggavason,
2002) is the diagrammatic form of Eq. 3 that shows the coupling between the P- and S-velocity
models more clearly and the hypocenter locations.
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Pavlis and Booker (1980) and Spencer and Gubbins (1980) suggest separating slowness
and hypocenter perturbations to avoid a large number of unknowns using the orthogonal
properties of Ai. Thus, Eq. 3 can be expressed as Eq. 5, which is solved using an LSQR
algorithm (Benz et al., 1996). Again, to reduce the effect of model parameterization and solution
instability, constraint equations are used (Berryman, 1990; Tryggavason, 2002). Control of the
model roughness is achieved by minimizing the Laplacian of the slowness perturbation field,
resulting in a set of smoothness constraint equations, Eq. 6, (Eq. 6 in Benz, 1996; Eq. 3 in
Tryggavason, 2002), where, Δui,j,k is the slowness perturbation of the cell at i, j, k and the rest are
the slowness perturbations of the adjacent cells.
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On the other hand, Eq.7 (Eq. 4 in Tryggavason, 2002) provides the option (not used in
this study) to control the degree of Vp/Vs variation, where 𝛥uP and 𝛥uS are the P- and S-wave
slownesses of block i and σ is an initial Vp/Vs. Finally, to invert the problem, the resulting
system of equations to be solved is expressed in Eq. 8, where the prime indicates the transformed
data and travel time derivative kernel, superscript c represents the controlled-source data and
derivatives, L and S are the smoothing Eqs. (6) and (7) respectively, and k and l are the
corresponding weighting parameters controlling the degree of regularization. Tryggavason et al.
(2002) use the conjugate gradient solver LSQR (Paige & Saunders, 1982), which is efficient and
accurate for large systems of equations, to solve Eq. 8 for the slowness perturbations ΔuP and
ΔuS. They calculated the first arrival times by the finite-difference solution to the Eikonal
equation on a uniform grid of constant slowness cells (Podvin & Lecomte, 1991) with smaller
cell sizes than the inversion grid. Rays are back-traced in the time field perpendicular to the
isochrons from each receiver to the source to find out which model blocks are affected
(Tryggavason et al., 2002).
The map view of the horizontal dimensions of our inversion volume is shown in Figure
3.2. The study region is parameterized using cells with 1 × 1 × 1 km dimensions based on the
source-station geometry and synthetic resolution tests. Travel times, determined using the finite
difference method of Podvin and Lecomte (1991), use a 44 × 40 × 32 cell (x , y, z) grid. The
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nonlinear solution is obtained by iterations over linear inversions. The inversion problem is
designed to solve a total number of 14080 unknown parameters for 7040 cells for both Vp and
Vs using 17697 equations for the 3617 travel time residuals and 14080 smoothing constraints
(for both Vp and Vs). The size of the G matrix is 17697 x 14080. However, only cells that have
raypath coverage enter into the inversion reducing the inversion problem to 2415 unknowns in
cell velocities (1178 Vp and 1237 Vs) which is less than the number of data (3617). The
Laplacian smoothing constraint further stabilizes the solution by adding an additional 2415
equations to the system and makes the inverse problem over determined. Raypaths are updated in
the latest 3D Vp and Vs models, as described by Tryggvason et al. (2002) and Powell et al.
(2017). The LSQR finds the inverse of a very large matrix using a successive orthogonalization
of the residuals of the fit, whereas, smoothing parameters control the trade-off between the
minimization of arrival time residuals and roughness of the model. Synthetic models, discussed
below, aided in the selection of optimal number of LSQR steps and smoothing parameters.
Smoothing parameters ranging from 60 to 0 over 11 iterations, where each iteration uses 50
LSQR steps, produces images that are consistent without introducing oscillations in the velocity
estimates in adjacent blocks. The starting travel time residuals are 0.0657 sec for Vp and 0.0568
for Vs. After the inversion, the residuals become 0.0524 for Vp and 0.0464 for Vs. Thus, the
inversion gives a 20% reduction for Vp and a 18% reduction for Vs which is typical for an
inversion when the starting residuals are so small. Hypocenters are relocated after each iteration
using a separate inversion. The map and cross-section views of Vp and Vs anomalies, and Vp/Vs
along with previous studies are used for geological interpretation.
3.2.3 Starting 1D Model

28

A good starting model is essential before inverting for 3D velocity structure. This study
uses a 1D half-space velocity model (Vp = 5.96 km/s; Vs = 3.53 km/s; Vp/Vs = 1.69) determined
by Chapman (2013), which is a modification of the 1D velocity model used for routine
hypocenter location in central Virginia (Bollinger et al., 1980). This half-space velocity models
starts at -2 km. The modification is based on an analysis of the Mineral earthquake aftershocks.
A calculation of travel time residuals from data and synthetic travel times for one iteration tells
us how robust and reasonable the 1D velocity model is. Figure 3.3 shows the P- and S- wave
travel time residuals as a function of offset. In Figure 3.4, residuals both for P- and S- wave are
centered on zero, fit within a short range (±0.5 sec) from the zero line, and show almost no
variation with offset.

Figure 3.3: Travel time residuals as a function of offset for P- waves (A) and S- waves (B). The
residuals are centered on zero. They show almost no variation with offset, indicating that the
starting 1D model is reasonable and robust.
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The sources and the stations are not uniformly distributed (Figure 3.2). The greatest
number of events and stations are located near the central part of the area. As the raypaths
depend on the source-station geometry, their coverage may lead to streaking and smearing
effects in the solutions if the distribution of events and stations are poor. Figures 3.4 and 3.5
show the raypath coverage per block in the Vp and Vs inversions, respectively. Raypath
coverage is very similar for both solutions. There is no raypath coverage in the corners of the
region. The number of blocks having accumulated raypath coverage exceeding 10 km decreases
with increasing depth; coverage is not good after 5 km in both cases. The models are well
sampled in the central part of the study area and up to 5 km in depth.

Figure 3.4: Accumulated raypath coverage per block in the P- wave velocity inversion. Block size
is 1 x 1 x1 km.
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Figure 3.5: Accumulated raypath coverage per block in the S- wave velocity inversion. Block size
is 1 x 1 x1 km.
3.3 Resolution Test
A resolution test is a significant tool to check aspects of the inversion algorithm.
Inversion results are not trustworthy if their accuracy is not evaluated properly. The basic
concept of a resolution test is to determine how the real structure is reconstructed in the modeled
image. Typically, in a resolution test, a set of traveltime delays are calculated by ray tracing in a
synthetic test velocity structure, random noise is added based on the error in the real data, and
then those delays are assumed as data and eventually inverted to compare the inverted structure
with the initial test structure (Zhao et al., 1992). Resolution is investigated by the inversion of
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synthetic traveltime data sets constructed for the source-receiver geometry of the real dataset
(Powell et al., 2017). This study uses checkerboards and the restoring resolution test for the
source-receiver geometry of Figure 3.2.
The checkerboard resolution test (CRT) was introduced by Humphreys and Clayton
(1988). It helps to determine the inversion parameters such as smoothing factors and LSQR steps
and the appropriate block size parameterization of the inversion volume. It is also frequently
used for checking the amount of vertical and horizontal smearing of velocity anomalies (Powell
et al., 2017). In a CRT, a simple structure is made by placing alternating three dimensional
positive and negative velocity perturbation blocks in a homogeneous velocity model. Thus, the
inverted image structure becomes very easy to compare with the initial one for understanding the
resolution in different areas (Zhao et al., 1992).
Unfortunately, the CRT provided only a limited assessment of resolution in this study.
The abrupt velocity changes imposed by the checkerboard in the small inversion volume
adversely affected the calculation of travel times. The CRT was used to roughly approximate the
appropriate smoothing and LSQR steps used in the real inversion. A representative CRT result is
shown both for Vp and Vs structure in Figure 3.6. For the initial structure, a number of 5x5x8
km blocks with ±6% velocity anomalies are put in the homogeneous velocity model (Vp = 5.96
km/s, and Vs = 3.53 km/s) from depth 1 km depth. For the inversion, 60 40 20 10 smoothing
factors and 50 LSQR steps are used over 10 iteration steps. The inversion resulted in arrival time
residual reductions of 44% RMS for P-waves and 41% RMS for S-waves.
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Figure 3.6: CRT test for ±6% velocity anomaly blocks with dimensions of 5x5x8 km. The
inversion volume is the same as Figure 3.2. Smoothing factors were 60 40 20 10 for 11 iterations
with 50 LSQR steps in each iteration. 44% RMS reduction for P and 41% RMS reduction for S is
found.

Figure 3.7: CRT test for ±6% velocity anomaly blocks with dimensions of 5x5x8 km. The
inversion volume is the same as Figure 3.2. Smoothing factors were 60 30 10 5 for 11 iterations
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with 84 LSQR steps in each iteration. 57% RMS reduction for P and 55% RMS reduction for S is
found. Note that recovery of the input model is better than the recovery in Figure 3.6.
Recovery of the checkerboard in Figure 3.6 is not optimal. Better recovery is obtained by
decreasing the smoothing and increasing the number LSQR steps. An example is provided in
Figure 3.7. Here, the smoothing ranges from 60 to 5 over 10 iterations with 84 LSQR steps,
resulting in an RMS travel time anomaly reduction of over 60% for both P- and S-waves. These
smoothing and LSQR parameters are inappropriate for the real dataset; when these parameters
are used to invert the real data, absolute velocity anomalies exceeding 15% and 11% are
determined for the P- and S-waves, respectively and Vp/Vs ratios range from 1.46 to 1.86. The
high velocity anomaly magnitudes and the very low Vp/Vs ratios suggest that the inversion
results using these parameters are unrealistic. This is further confirmed using the restoring
resolution test (RRT). In both cases of CRT, ±10 msec Gaussian noise was added to the travel
time. Furthermore, the 0 – 1 km layer is contaminated with vertical smearing for both P- and Swaves, although the checkerboard started at 1 km depth. Thus, the inversion results between 0
and 1 km depth will not be reliable and are not discussed in next chapter.
The RRT was first introduced and applied by Zhao et al. (1992). In this method, the
tomographic image obtained from the real data inversion is taken as the synthetic model. Then
synthetic travel times are calculated from 3D ray tracing in the synthetic model and random error
is added based on the error in the real data. Finally, the inversion of the travel times using the
same algorithm, velocity model, and parameters as for the real case gives the restored image
results. The restored image will always have lower resolution than the real image because
smoothing is used in the inversion, but it does indicate which features in the real inversion can be
trusted. The RRT test is better than the checkerboard test in many instances because the RRT is a
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truer test of the real raypaths; the checkerboard is a very artificial velocity structure and the
raypaths will be very different from those in the real earth.
Figure 3.8 and 3.9 show the RRT test results for the Vp and Vs inversions. The major
features in the real Vp and Vs models are restored very nicely. As expected, amplitudes are
reduced in the restored model in both cases. Another RRT was determined using the velocity
results of the real inversion but using the smoothing and number of LSQR parameters in the
checkerboard test shown in Figure 3.7. The resulting travel time residuals exceeded 3 seconds for
P- and S-waves and the test failed to produce meaningful results. This is further evidence that, in
this study, the checkerboard tests can only provide rough estimates of the most appropriate
smoothing parameters to use in the real inversion. The RRT provided the information used to set
parameters in the real inversion. In both cases of RRT, ±10 msec Gaussian noise was added to
the travel time.

Figure 3.8: RRT test for the Vp solution. (Top) real velocity solution. (Bottom) restored solution.
The restored solution is similar to the original and major features are preserved. Amplitudes are
lower in the restored model.
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Figure 3.9: Same as Figure 3.9 but for the Vs solution. The restored solution is similar with the
original and major features are preserved. Amplitudes are reduced in the restored model.
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CHAPTER 4
RESULTS, INTERPRETATION, DISCUSSION, AND CONCLUSION
4.1 Results
This section describes only the reliable results of this study. As the layer between 0 and 1
km is contaminated due to vertical smearing for both P- and S- waves (confirmed from
checkerboard tests), thus the results in this layer is not discussed. In addition, results for depths
below 5 km are also not addressed as they are influenced by inadequate raypath coverage. The
results are well sampled in the central part of the study area from 1 to 5 km depth.

Figure 4.1: Vp solutions for 1 – 5 km obtained from the real arrival time inversion. Planar slices
are shown in 1 km increments and earthquakes (black dots) are plotted for each depth range. A1,
A2, and A3 show three different anomalies. Anomaly A1is roughly contained between the two
solid lines. Anomalies A2 and A3 are contained in boxes.
Figure 4.1 shows planar slices of the Vp solution for 1 – 5 km obtained from the real
arrival time data. Vp anomalies range from -7% to 7%, which is larger than the Vs anomaly
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range; Vs anomalies range from -5% to 5%. Figure 4.2 shows the planar slices of the Vs
inversion solution for the same depth range. We detect three significant anomalies: A1, A2, and
A3. Anomalies A1 – A3 are located in the same place for both Vp and Vs solutions although the
sign of the A1 anomaly is different. In addition, we can ignore the raypath coverage as a cause of
the different Vp and Vs anomaly magnitude ranges as the raypath coverage is similar for both Vp
and Vs solutions.

Figure 4.2: Vs solutions for 1 – 5 km obtained from the real arrival time inversion. Planar slices
are shown in 1 km increments and earthquakes (black dots) are plotted for each depth range. A1,
A2, and A3 show three different anomalies. Anomaly A1is contained between the two solid lines.
Anomalies A2 and A3 are contained in boxes.
Figure 4.3 shows planar slices of the Vp/Vs ratios that are obtained from the direct
division of Vp by Vs in cells having similar ray path coverage for Vp and Vs. The range of the
Vp/Vs ratios is between 1.54 and 1.78.
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Anomaly A1is well resolved between 1 – 5 km. In the Vp solution, A1 is flanked by
comparatively higher velocity anomalies while A1 is flanked by comparatively lower velocities
in the Vs solution. Anomalies A2 and A3 are are associated with regions of negative Vp and Vs
anomalies. A2 and A3 have highest resolution in the depth range 1 to 3 km.

Figure 4.3: Vp/Vs solutions for depths of 1 – 5 km obtained from the real arrival time inversion.
Planar slices are shown in 1 km increments and earthquakes (black dots) are plotted for each
depth range. Anomaly A1is contained between the two solid lines.
Figures 4.4 and 4.5 show three profiles in the Vp and Vs solutions, respectively. Two
planar slices (depths 1 – 2 km and 2 – 3 km) show the profile locations. Anomaly A1 is bounded
by two black dashed lines in the planar slices, and two dashed boxes represent anomalies A2 and
A3. Profile NE1 trends NE-SW and goes through anomaly region A1. Profiles NW1 and NW2
trend NW-SE. NW1 goes through all three anomalies, A2, A1, and A3, while NW2 passes
through A1. Hypocenters in the cross-section profiles are taken within 3 km (1.5 km in each
direction) of each profile location.
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Figure 4.4: NE1, NW1, and NW2 are three profiles in the Vp solution. Two planar slices show
the profile locations. Hypocenters (black circles) in the cross-section profiles are taken within 3
km (1.5 km in each direction) of each profile plotted. The black diamond on profile NW1 shows
the location of 2011 mainshock (depth estimated from Chapman, 2013). A1 is located within the
dashed black lines, and dashed boxes show the locations of A2 and A3 in the planar slices.
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Figure 4.5: NE1, NW1, and NW2 are three profiles in the Vs solution. Two planar slices show
the profile locations. Hypocenters (black circles) in the cross-section profiles are taken within 3
km (1.5 km in each direction) of each profile plotted. The black diamond on profile NW1 shows
the location of 2011 mainshock (depth estimated from Chapman, 2013). A1 is located within the
dashed black lines, and dashed boxes show the locations of A2 and A3 in the planar slices.
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Anomaly A1 is the major and most interesting anomaly in the study area. The main
cluster of the 2011 Mineral Virginia aftershocks is mostly located in it or just below it. A1 has
negative Vp (-7% to -3%) and positive Vs (2% to 5%) anomaly values. This velocity distribution
results in low Vp/Vs ratios ranging from 1.54 to 1.62 (Figure 4.3). A1 is shallower in the NE part
of profile NE1and deeper in the center and SW (Figure 4.4 and 4.5). We do not see many
aftershocks in the shallow portion of the anomaly. A1 dips towards the SE in profiles NW1 and
NW2.
Anomaly A2 is contained in a roughly 3 km x 3 km region located to the NW of anomaly
region A1 (Figures 4.1, 4.2, 4.3, 4.4, and 4.5). It is not well resolved below 3 km depth. A2 has
moderately negative Vp (-4% to -1%) and large negative Vs (-5% to -3%) anomaly magnitudes
(Figures 4.1 and 4.2). The Vp/Vs ratio ranges from 1.69 to 1.76 (Figure 4.3). The magnitudes of
the negative Vp anomalies are more variable within A2 than are the magnitudes of the Vs
anomalies.
Anomaly A3 is within a roughly 2 km x 2 km region to the SE of anomaly region A1
(Figures 4.1, 4.2, 4.3, 4.4, and 4.5). Similar to anomaly A2, it is also not well resolved after 3 km
depth. A3 has a small negative Vp anomaly (-2% to -1%) and a larger negative Vs anomaly (-3%
to -2%) (Figure 4.4 and 4.5). The Vp/Vs ratio ranges from 1.70 to 1.72 (Figure 4.3). In Figures
4.4 and 4.5, the southeastern part of the NW1 cross-section profile goes through anomalies A2
and A3, indicating the distribution of the velocity anomalies with depth.
Earthquakes were also relocated in the inversion. The changes in the locations are very
small; the mean changes are -0.001 km, -0.039 km, and 0.254 km, in the x, y, and z directions,
respectively. Original and relocated hypocenters for profile NW1 are shown in Figure 4.6. Black
circles are the original locations and white circles are the new locations. The relocated
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hypocenters do not sharpen the event distribution appreciably. Rather, they attest to the accuracy
of the original event locations.

Figure 4.6: Original and relocated hypocenters in profile NW1. Black circles represent the
original locations and white circles represent the new locations.
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Figure 4.7: Locations of our study area (brown rectangle) and 2012 airborne geophysical
surveys in Shah et al. (2015) (black rectangle) are shown on the publicly available digitized
magnetic field data. Two black dashed lines show the extent of the 2012 airborne gravity data in
Shah et al. (2015). The white diamond is the 2011 Mineral mainshock epicenter. The blue box in
the inset is the study location of Shah et al. (2015). Two solid lines and two black rectangles in
the brown rectangle show the position of anomalies A1, A2, and A3, respectively (modified after
Shah et al., 2015).
4.2 Interpretation
For interpretation, we used the Vp and Vs solutions of our results along with the Vp/Vs
ratios and previous potential field data studies. Christensen (1996) and Zhang et al. (2008)
provide laboratory measurements of Vp and Vs that can be used to narrow down the presence of
specific rock types. Shah et al. (2015) present a potential field analysis for the region
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surrounding the Mineral earthquake and aftershock sequence that can be correlated with our
results.
Potential field data such as Bouguer gravity and magnetic data can help interpret complex
geological structures in a location like Mineral VA where there are many geological contacts.
Figure 4.7 shows publicly available digitized magnetic field data (Snyder, 2005) used by Shah et
al. (2015). The brown rectangle indicates the location of our inversion study, whereas the black
rectangle shows the location of the 2012 airborne geophysical surveys conducted by Shah et al.
(2015). Locations of anomalies A1, A2, and A3 are shown in this figure. Plotted aftershocks are
those used in Shah et al. (2015). Most epicenters are located within the two parallel lines
defining the extent of anomaly A1.
The gravity and magnetic signatures of anomalies A1, A2, and A3 can be determined
from Figure 4.8. The 2012 airborne geophysical survey conducted by Shah et al. (2015) is
presented in Figure 4.8. The upper panel (A) is reduced to pole total magnetic field data, whereas
the lower panel (B) is the Bouguer gravity anomaly map (white contours have 0.5 mGal
separations). Many linear magnetic anomalies are parallel to the mapped NE trending folded and
faulted Paleozoic structures. Anomaly A1 has low magnetic signatures with the exception of the
high magnetic anomaly that is associated with the western part of the Quantico Formation (NE
trending magnetic high). Of particular importance is a crescent shaped magnetic low that is
located just southeast of A1 and the epicenter distribution (Figure 4.8 A). Matched filter analysis
of the total magnetic field was conducted by Shah et al. (2015) to isolate anomalies at specific
depths. The crescent shaped low extends below 3km and possibly to 5 km. Magnetic
susceptibilty measurements for the Quantico formation do not decrease over the crescent shaped
magnetic low, suggesting that the low is associated with a deeper source body. The crescent
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shaped magnetic low corresponds to a Bouguer gravity low (Figure 4.8 B), indicating the
presence of a buried low magnetic, low density body.
Most of anomaly A2 is associated with a magnetic low. Jurassic dikes may produce the
linear magnetic highs along the NW edge of the anomaly. As is the case with anomaly A1, A2 is
located in a portion of the gravity map where the contours broaden out, suggesting the presence
of low-density material (Figure 4.8 B). Anomaly A3 is associated with a magnetic high and an
abrupt change in the orientation of the gravity contours from NE to N (Figure 4.8 A-B).
Figure 4.9 shows the geologic features of the area also identified in Figure 4.8. Colored
areas represent different geological units. Thick blue lines represent previously mapped faults. In
addition, thin red and black lines show Jurassic dikes and other magnetic lineaments,
respectively. Stippled areas are the subsurface features that are inferred from gravity and/or
magnetic data in Shah et al. (2015). Anomaly A1 is mainly located in the Chopawamsic
formation and the Quantico formation lies over the Chopawamsic formation in A1. Anomaly A2
is also in the Chopawamsic formation. However, the northwestern portion of A2 is associated
with the Ellisville granodiorite pluton. The Mine Run complex is equated to the Chopawamsic
formation in the locations of A1 and A2. Anomaly A3 is also located in the Chopawamsic
formation, however, this part of Chopawamsic formation is equated to the Ta River metamorphic
suite.

46

Figure 4.8: 2012 airborne geophysical data (Shah et al., 2015). (A) Reduced to pole total
magnetic field. (B) Bouguer gravity anomaly (0.5 mGal contours in white). Thin black lines
represent boundaries between geologic units. 2011 Mineral mainshock and the aftershock
locations used by Shah et al. (2015) are shown by the white diamond and colored circles,
respectively. The brown polygon shows part of our study area. Inside it, anomaly A1 is located
between the two solid lines, two black boxes indicate the locations of anomalies A2 and A3, and
two red dashed lines show the NW-SE directed cross-section profiles (NW1 and NW2) used in
Figures 4.4 and 4.5. Gravity samples taken along the XX' profile are used to analyze the density
of the subsurface materials by Shah et al. (2015). Profile XX' is shown in Figure 4.10. This
figure is modified after Shah et al. (2015).
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Figure 4.9: Geologic features of the Shah et al. (2015)’s study area (same as Figure 4.8). The
brown polygon shows part of our study area and the locations of velocity anomalies A1 – A3.
Geological units are shown by the colored areas. Blue lines represent previously mapped faults.
Thin red lines are mapped Jurassic dikes. Thin black lines are other magnetic lineaments
(representing Paleozoic features). Stippled areas are the subsurface features that are inferred
from gravity and/or magnetic data in Shah et al. (2015); where, (1) Ellisville granodiorite
pluton, (2) Unit consisting of Granitic gneiss (Pg), (3) Unit consisting of mafic or ultramafic
rocks (Um), (4) Unit consisting of buried (~3–5 km) felsic or metafelsic rocks , and (5) A highdensity rock unit (depth ~2–4 km). White diamond and yellow polygons represent the 2011
Mineral mainshock and shallow aftershock clusters, respectively. Profile XX' is the location of
the model shown in Figure 4.10. This figure is modified after Shah et al. (2015).
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Shah et al. (2015) modeled the gravity along profile XX' shown in Figure 4.8B and 4.9.
This profile passes through the crescent shaped low magnetic, low density region and crosses
anomaly A1. Two possible density models that provide reasonable fits to the observed data are
shown in Figure 4.10. The regional trend in the gravity data can be explained by a decrease in
crustal thickness to the SE. Smaller density anomalies are added to match the shorter
wavelength features in the gravity profile. The best resolved feature is a low-density region (Dr
= -0.1) located just above the SE dipping aftershock zone. The low-density feature is revolved
very well up to 2.8 km, it may deepen further (Shah et al., 2015). Cross-section profile NW2 is
located very close to profile XX’ and is shown in the bottom panel of Figure 4.10. After an
approximate matching of the aftershock locations for profile XX' and NW2, we see that anomaly
A1 is probably associated with the well-resolved, low-density feature. The low-density body is
interpreted as buried felsic or metafelsic rocks by Shah et al. (2015).
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Figure 4.10: Gravity models by Shah et al. (2015). White diamonds show the 2011 Mineral
hypocenter, and filled blue circles are aftershocks, each projected to the model plane. Density
contrasts (ρ) are given in g/cm3. (A) Observed and model free-air gravity anomaly values along
Profile XX' (profile location in Figures 4.8B and 4.9). (B, C) Different density contrast model
scenarios (both equally fitting the data) for profile XX'. (D) Profile NW2 (in Figure 4.4, 4.5, and
4.7), located very near to profile XX'. This figure is modified from Shah et al. (2015).
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Crustal velocities and velocity ratios are influenced by many factors, including lithologic
changes, changes in pore pressure, fluid content, and dilatancy. For example, low Vp/Vs ratios
can be produced by water or gas-filled, high aspect ratio cracks (Takei, 2002; Nakajaima et al.,
2001). However, under this circumstance, and in the case of dilatancy, both Vp and Vs would
decrease (e.g., Schaff and Beroza, 2004). Given that anomaly A1 has positive Vs anomalies, we
suggest that the low Vp/Vs ratios are produced by variations in rock composition. The presence
of negative Vp anomalies, positive Vs anomalies and very low Vp/Vs ratios suggest the presence
of quartz-rich rocks (Christensen, 1996; Zhang et al., 2008; Powell et al., 2010). Anomaly A1
has negative Vp (-7% to -3%) magnitudes and positive Vs (2% to 5%) magnitudes (Figure 4.1
and 4.2). Comparing these anomaly values with the initial velocity model (Vp = 5.96 km/s, Vs =
3.53 km/s), we find that Vp ranges from 5.54 km/s to 5.78 km/s, and Vs ranges from 3.60 km/s
to 3.70 km/s in A1. These values are compatible with laboratory measurements of Vs made on a
suite of Appalachian Paleozoic sedimentary rocks located the Valley and Ridge province in
eastern Tennessee (Johnston and Christensen, 1992). These rocks were formed on the passive
continental margin of Laurentia and are thought to extend below the Blue Ridge and Piedmont
provinces (e.g. Cook and Vasudevan, 2006). Vp values from a previous study of the same rocks
(Christensen and Szymanski, 1991) range from 5.58 km/s to 5.69 km/s in sandstone samples
under 200 MPa pressure and Johnston and Christensen (1992) determined that Vs in the
sandstones ranges from 3.4 km/s and 3.9 km/s. Sandstone density ranges from 2.57 g/cm3 to 2.65
g/cm3, which is less than the other rock lithologies sampled due to high porosity in the sandstone
samples. Furthermore, the Vp/Vs ratio of the sandstone samples ranges from 1.42 to 1.7 and is
1.53 or less for the samples having 99% quartz content (Johnston and Christensen (1992). The
range of Vp and Vs for anomaly A1 in our study area closely matches the velocity values for
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sandstone samples determined by Christensen and Szymanski (1991) and Johnston and
Christensen (1992). The density of the rocks in anomaly A1 is the least constrained variable. The
gravity modeling results of Shah et al. (2015) suggest that rocks in anomaly A1 have a density of
~2.6 g/cm3 as the density contrast Dr is equal to -0.1 g/cm3 from the crustal density value equal
to 2.7 g/cm3. Thus, the density of anomaly A1 falls within the density range determined by
Johnston and Christensen (1992) for sandstones (Figure 4.11). Furthermore, quartzite has a low
Vp/Vs ratio ranging from 1.475 to 1.51 and a density value around 2.65 g/cm3 (Christensen,
1996). The small Vp/Vs ratios of 1.54 to 1.62 in A1 preferentially fall in the sandstone range
(Figure 4.12), further suggesting that the rocks have a high quartz content. Based on these
results, we suggest that anomaly A1 is a highly quartz-rich sandstone or quartzite or a
combination of both that accumulated as passive margin sediment in Paleozoic time and was
subsequently caught up in thrust sheets during the Taconic orogeny.

Figure 4.11: Plot of Vs versus density determined by Johnson and Christensen (1992). The red
rectangle represents the range of our Vs values and the density value for anomaly A1 determined
by Shah et al. (2015) from forward modeling of the free air gravity data. The rectangle falls
within the high quartz sandstone region. Figure modified from Johnston and Christensen (1992).
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Figure 4.12: Vp/Vs histogram for the samples studied by Johnston and Christensen (1992).
Vp/Vs values for anomaly A1 (red lines) fall preferentially within the sandstone range. This
figure modified from Johnston and Christensen (1992).
Anomaly A2 has negative Vp (-4% to -1%) and Vs (-5% to -3%) anomalies. Vp ranges
from 5.72 km./s to 5.90 km/s, Vs ranges from 3.35 km/s to 3.42 km/s and the Vp/Vs ratio is 1.69
to 1.76. Anomaly A2 is located in the Chopawamisic formation, just to the east of the Ellensville
pluton neck. The velocity values are too low for granodiorite (Christensen, 1996) and we do not
interpret the rocks as a buried portion of the Ellisville neck. The velocity values do match those
for metagraywacke (Christensen, 1996). A belt of metasedimentary and metavolcanic rocks is
present within the Chopawamsic formation, to the NW of the aftershock zone (Burton et al.
(2015). The formation is equated to melange zone III of the Mine Run Complex located to the
north (Burton et al., 2015). However, the Mine Run Complex has a matrix of phyllite and
abundant secondary magnetite producing a regional magnetic high. Our velocity values are too
low for phyllite. We agree with the suggestion by Burton et al. (2015) that metagraywacke is the
dominant lithology in the Chopawamsic formation associated with anomaly A2. The formation
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may also lack abundant magnetite providing an explanation for why anomaly A2 is associated
with low magnetic anomalies.
Anomaly A3, located SE of A1, has slightly negative Vp (-2% to -1%) and Vs (-3% to 2%) anomalies (Figure 4.1 and 4.2). Vp/Vs ranges from 1.70 to 1.72. A3 is located in the
Chopawamsic formation however the velocity values are low for volcanic and sedimentary rocks
metamorphosed to greenschist and amphibolite faces (Christensen, 1996). Anomaly A3 is
poorly resolved in the inversion solution and we suggest that the magnitudes of the velocity
anomalies are probably lower than they would be in a better sampled portion of the model. The
rocks associated with anomaly A3 are probably typical for the Chopawamsic formation.
4.3 Discussion
The velocity solutions contain numerous features and a distinct pattern that can be related
to the aftershock locations. In general, the magnitude of the Vp anomaly in specific cells is larger
than the corresponding Vs anomaly magnitude, regardless of the anomaly sign. For instance, Vp
magnitudes are greater than Vs magnitudes in anomaly A1. In contrast, in few cases, we also
observe that the magnitudes of the Vs anomalies are largest; anomalies A2 and A3 are good
examples of this. As the raypath coverage for Vp and Vs is similar, the coverage is probably not
responsible for the anomaly magnitude differences; the differences in signs and magnitudes of
the anomalies are probably due to rock properties.
A1 has negative Vp and positive Vs anomalies, along with low Vp/Vs ratios. Similar
anomalies with reduced Vp and elevated Vs, thus low Vp/Vs, are also observed in the New
Madrid seismic zone (NMSZ) (Powell et al., 2010; Dunn et al., 2013) and attributed to the
presence of quartz-rich rocks. The low Vp/Vs ratios correspond to the major arms of seismicity
in the NMSZ. It is an interesting observation that the NMSZ and CVSZ, two intraplate seismic
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zones, have similar velocity anomalies attributed to quartz rich rocks. The presence of abundant
quartz may play an important role in the location of intraplate seismic zones.
Based on gravity models, Shah et al. (2015) suggested that the Mineral earthquake
aftershocks occurred along a fault plane separating material with contrasting densities. The
density contrast led to a buildup of shear stress resulting in reverse fault slip. The presence of
low-density material in the hanging wall of the reverse fault is strongly suggested by the gravity
data (Figure 4.10) although the shape and vertical dimension of the low-density material could
not be firmly established by Shah et al. (2015). Our results are in agreement with the presence of
low-density material in the hanging wall of the Mineral reverse fault (anomaly A1). Our velocity
values suggest that the material is quartz rich sandstone rather than felsic or metafelsic rocks, as
suggested by Shah et al. (2015). In some places in our velocity model, the aftershocks occur
near the separation of the region of low velocity in the hanging wall from higher velocity in the
footwall (profile NW2, Figure 4.10 D). This is in agreement with the results of Shah et al.
(2015) and support the concept that stress buildup along the fault plane produced by density
differences resulted in the earthquake activity. However, in other locations, the aftershock
activity occurs within anomaly A1 (profiles NE1 and NW1, Figures 4.4 and 4.5). This suggests
that the presence of very quartz rich rocks may be facilitating earthquake activity. Quartz is a
weak mineral that is used to develop the strength envelope (strength vs. depth curve) for the crust
(Meissner and Strehlau, 1982). The presence of weak, quartz rich rocks may facilitate shear
strain loading and the generation of earthquakes (Powell et al., 2010). Quartz rich anomaly A1
could extend deeper than our inversion was able to determine, possibly to the hypocenter depth
(6 to 8 km) of the 2011 Mineral earthquake and may have played an important role in the
occurrence of this major intraplate earthquake.
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Anisotropy can affect local earthquake tomography results (e.g. Eberhart-Phillips and
Henderson, 2004). Anisotropy can be produced by cracks, joints, fractures, and highly foliated
metamorphic rocks (Powell, 2017). Aftershocks used in this study occurred within a geologically
complex region that contains all of the above. There is continuity of NE trending geologic
structures. This was a major reason for the large number of felt reports NE of the Mineral
earthquake as continuity of geologic structures made efficient energy propagation possible.
Greater seismic attenuation was observed towards the NW and SE as seismic waves were
scattered by geologic contacts (Shah et al., 2015). The distinct preference for NE trending
structure may produce anisotopy. Local earthquake tomography can be used to investigate the
presence of anisotropy by inverting for slowness as a function of direction (Eberhart-Phillips and
Henderson, 2004; Huang and Zhao, 2013; Powell et al., 2017). This type of analysis was not
used in our study but would be an important contribution to our knowledge of the CVSZ if a
larger dataset becomes available.
Dilatancy usually occurs if the volume of a granular substance increases due to shear
deformations. It is a time dependent phenomenon that can be observed before or after an
earthquake takes place. Earthquakes change the stress distribution due to the deformation, and
that may result in a temporal change in velocity. If cracks open up because of shear stress change
during an earthquake, Vp and Vs both decrease (Schaff et al., 2004). If the cracks are dry, then
Vp and Vs decrease by roughly the same amount, but if the cracks are initially filled with fluid,
then Vs decreases more than Vp. In our case, dilatancy does not appear to contribute to anomaly
A1 as Vp decreases but Vs increases. However, anomaly A2 may have a dilatancy contribution
as Vp (-4% to -1%) and Vs (-5% to -3%) both decrease (Figure 4.1 and 4.2). Importantly,
negative Vs anomalies are larger than negative Vp anomalies, suggesting that if dilatancy
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occurred during the Mineral earthquake, fluid saturated cracks were opened during the thrusting
event within the metagraywake rocks comprising anomaly A2. Rocks in anomaly region A3 may
also have undergone dilatancy. Negative Vp (-2% to -1%) and Vs (-3% to -3%) anomalies are
associated with A3 (Figure 4.1 and 4.2), and negative Vs anomaly magnitudes are larger than
those for Vp. Anomaly A3 is not well resolved in the velocity solution and the rocks are
interpreted as typical for Chopawamsic formation and possible effects of dilatancy cannot be
determined with confidence.
Our study uses a newer aftershock dataset recorded 6 – 7 years later than the mainshock.
Despite the limited dataset, the results suggest that distinct velocity anomalies are associated
with the aftershock sequence. A combination of all the aftershock datasets should give better
resolution and raypath coverage leading to a more complete understanding of the velocity
structure associated with the CVSZ. .
4.4 Conclusion
The aftershock sequence of the 2011 Mineral, Virginia, earthquake, recorded between
2017 and 2018, offers an excellent opportunity to study the velocity structure associated with this
major intraplate event. We conducted a detailed tomography study in the vicinity of the Mineral
earthquake with the goal of understanding the geological conditions of the upper crust and their
relationship to the earthquake activity. This study uses the local tomography inversion technique
to determine three dimensional Vp and Vs velocity models along with hypocenter relocations for
a 22 x 20 x 16 km volume with a block size of 1 x 1 x 1 km using 324 aftershocks and 12
stations. All events and aftershocks are located within ~15 km of the 2011 mainshock. A total of
5125 arrival times were used in the inversion (2465 P-wave arrivals and 2660 S-wave arrivals).
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The starting model is based on previous studies and is a halfspace with Vp=5.96 km/s and
Vs=3.53 km/s. Good resolution is found between 1 and 5 km depth; this is above the mainshock
hypocenter depth but captures the main body of aftershock activity.
The most significant result of our study is the presence of a NE trending, SE dipping zone
of negative Vp, positive Vs and very low Vp/Vs ratios (anomaly A1). Most of the aftershocks are
located within or just below this anomalous zone. The location of the anomalous zone is
compatible with free air gravity modeling that indicates the presence of low density material in
the hanging wall of the Mineral earthquake thrust fault (Shah et al., 2015). We interpret the rocks
within anomalous region A1as low-density low-magnetic quartz-rich sandstones or quartzites or
a combination of both that caught up within the Chopawamsic formation. The sandstone possibly
originated on the passive margin of Laurentia in Paleozoic time and was later incorporated into
the Chopawamsic formation during island arc collision in the Taconic orogeny. Equivalent
sandstone is present in Appalachian Paleozoic sedimentary rocks located in the folded and
faulted Valley and Ridge province in eastern Tennessee. Similar velocity anomalies and low
Vp/Vs ratios were found for the major arms of seismicity in the New Madrid seismic zone and
are also attributed to the presence of very quartz rich rocks suggesting that the presence of
abundant quartz may be an important factor in the occurrence of intraplate seismic zones.
A second well resolved velocity anomaly is located NW of A1and also occurs in the
Chopawamsic formation. A2 has negative Vp and Vs anomalies, and Vp/Vs ratios ranging from
1.68 to 1.76. These values are compatible with metagraywacke, a common rock in the
Chopawamic formation. Anomaly A2 may be the result of dilatancy associated with the Mineral
earthquake. Another anomalous region, A3, is characterized by small, negative Vp and Vs
anomalies and is located SE of A1in the Chopawamsic formation. The anomalies are not well
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resolved, and we suggest that the rocks corresponding to A3 are probably typical for
Chopawamsic formation.
Our study has revealed the presence of distinct velocity anomalies in the upper crust
associated with the Mineral earthquake using a limited number of aftershocks. The presence of
anomalous velocity structure associated with the aftershock activity motivates a more detailed
investigation of the upper crust in the CVSZ, using all available Mineral aftershock datasets.
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